contains two zinc fingers and thus may be a transcripCold Spring Harbor Laboratory tional regulator. What might be the target genes of CO? Cold Spring Harbor, New York 11724
mately three weeks after germination (top). The flowering plant on Therefore, CO is required for the accelerated flowering the right has a primary inflorescence (center) and three branch (secunder LD. It was found that the CO mRNA is present at ondary) inflorescences. At the tip of the inflorescences are the infloa higher level under LD than SD, and a CO transgene rescence meristems (arrowheads), which give rise to floral meriwas able to accelerate flowering under SD. This sugstems. In wild-type plants under short days, or in co mutant plants, gests that the low level CO expression under SD is insufvegetative development is extended, leading to the production of many additional leaves, and flowering is delayed (bottom).
ficient to promote flowering. The predicted CO protein Thin arrows indicate positive interactions, and lines with a short bar indicate negative interactions. Thick arrows represent gene functions controlling flower development. Modified from models in Simon et al. (1996) and Mizukami and Ma (1997). and AP1 expression respond differently to activation by CO:GR, it is also possible that LFY and AP1 expression may be differentially affected by mutations in these other flowering genes. For example, a mutation might delay AP1 but not LFY expression.
LFY is expressed in a defined spatial pattern, specifi- (Weigel et al., 1992; Gustafson-Brown et al., 1994) . TFL1
formed (center). At this time, AG expression is normal in the clf mutant. Later (right), normal AG expression is found in the organs has recently been cloned and is a likely homolog of of the inner two whorls, stamens (St) and carpels (Ca) (lightly shaded the Antirrhinum meristem identity gene centroradialis regions), but in the clf flowers, AG is expressed in the inner three (Bradley et al., 1997) . TFL1 is expressed at the center whorls, including petals (P, shown as dark regions).
of the inflorescence meristem beneath the apex ( Figure  2A ). Therefore, it seems that TFL1 acts at the meristem center to prevent LFY expression. Interestingly, Simon 1992) (Figure 2A ). In addition, AP1 expression is detected after LFY is expressed, and molecular genetic et al. (1996) found that TFL1 expression is also activated by CO after dex treatment. studies suggest that AP1 acts downstream of LFY (Mandel et al., 1992; Weigel and Nilsson, 1995) (Figures 2A CO is normally expressed at a very low level, and reduced levels under SD are not sufficient for its funcand 3). Consistent with this idea, AP1 expression was activated slightly later than LFY in CO:GR transgenic tion. Thus it is possible that during normal vegetative development the CO mRNA accumulates gradually and, plants treated with dex under LD. Under SD, activation of AP1 expression by CO:GR was much delayed, sugwhen it reaches a threshold level, TFL1 and LFY expression is activated. Therefore, CO may be a timer that gesting that other factors that are present in plants under LD but not SD are required for AP1 expression. LFY and measures the age of the plant, yet also responds to the environment. Under LD, this timer runs at a fast rate to AP1 were shown to be required for normal AG expression, suggesting that AG acts downstream of LFY and speed up flowering, but under SD the normal CO timer is too slow and another alternative timer(s) controls flow-AP1 (Weigel and Meyerowitz, 1993) (Figure 3 ). This relationship is further supported by the effect of ectopic AG ering. When the CO timer is artificially accelerated under SD by using the CO:GR fusion protein, the other timer(s) expression on meristem identity in both wild-type and lfy ap1 mutant plants (Mizukami and Ma, 1997) .
is not needed. A prediction from this hypothesis is that, in the background of mutants that are defective in the In addition to CO, several other flowering genes are also required for LD-dependent acceleration of flow-SD timers, a co mutation may have an effect under SD. ering, including FD, FE, FHA, FT, and GI (MartinezZapater et al., 1994) . Phenotypic studies of single and by CLF, a Polycomb-Group Gene CO clearly contributes to the temporal regulation of floral double mutants suggest that these genes specify components of the same regulatory pathway. It will be of meristem genes. What might control the spatial pattern of floral regulatory genes? A recent study by Goodrich interest to test whether any of these genes are required for the dex-dependent early flowering phenotype of the and Puangsomlee and colleagues has uncovered a regulatory gene that bears remarkable similarities to known CO:GR transgenic plants. Furthermore, because LFY players in this arena. Goodrich et al. (1997) describe the of clf plants; they have delayed flowering and less severe floral organ phenotypes under SD (Goodrich et al., 1997 Drews et al., 1991) . It is expressed only at the center of the floral meristem, where stamen and carpel possible that under SD, clf affects a function that is independent of AG, such as another MADS-box gene. primordia subsequently appear ( Figure 2B ). Later, AG is expressed in the developing stamens and carpels.
Negative Regulation of AG Expression
It is also possible that the ag mutant alleles used are not null, and the residual AG function or its effect may AG is not expressed during vegetative development, nor in sepals or petals during flower development. When be enhanced somehow under SD. The ectopic expression of such an enhanced AG function in the clf back- Goodrich et al. (1997) examined the expression of AG in clf plants, they found that AG expression is indeed ground could then cause early flowering. The idea that AG function is also influenced by photoperiod is supaltered. AG is expressed normally during early flower development of clf plants; therefore, CLF is not required ported by the observations that the floral meristem defect caused by an ag mutation is more severe under SD for the initial establishment of the correct pattern of AG expression. On the other hand, AG is ectopically than LD, and in a co mutant than the CO wild-type background (Okamuro et al., 1993; Mizukami and Ma, expressed in petals during later stages of clf flower development. Although AG expression was not detected 1997). The predicted CLF protein turns out to have striking in the developing sepals of the clf mutant flowers, the fact that the sepals of clf, but not clf ag, plants have sequence similarity to the protein product of the Drosophila gene Enhancer of zeste [E(z)], which is a member carpel characteristics suggests that AG function is present in these sepals. These observations indicate that of the polycomb group of regulatory genes. The Drosophila polycomb-group genes stably maintain the ex-CLF is required to maintain the normal AG expression during floral organ development. pression pattern of homeotic selector genes through multiple rounds of cell division by repression (Jones and In addition, CLF is also needed to repress AG expression during vegetative development. Normally AG exGelbart, 1993; Kennison, 1995) . In addition, mammalian homologs of polycomb-group genes also have been pression is not detectable during vegetative development. However, in clf mutants, AG is expressed in shown to regulate Hox genes. The similarity between the CLF and E(z) proteins is particularly high (65% identity) cotyledons, the hypocotyl, and particularly in leaves. The curled leaf phenotype is likely due to ectopic AG in a region called the SET domain, also found in the Drosophila TRITHORAX (TRX) and SU(VAR)3-9 proteins, expression because transgenic plants with ectopic AG expression also produced similarly curled leaves (Mizuwhich also regulate the expression of homeotic genes. In addition, CLF and E(z) share similarity in two other kami and Ma, 1992), and because an ag mutation can eliminate this phenotype (Goodrich et al., 1997) . It is not regions that are rich in cysteine residues. The extensive sequence similarity between CLF and E(z) suggests that clear how the curly leaf phenotype relates to the normal function of AG.
they may have similar biochemical functions. In Drosophila, E(z) is a part of a complex of polycomb group Goodrich et al. (1997) also found that the clf plants flower early, again similar to plants carrying an AG proteins that may affect chromatin structure. Therefore, it is possible that CLF also forms complexes with other transgene (Mizukami and Ma, 1997). Early flowering indicates that the properties of the apical meristem and/or proteins to influence chromatin structure. Given that CLF and E(z) have similar sequences and lateral meristems are altered in the clf mutant plants. Although AG expression was not detected in the apical appear to have similar functions in negatively regulating the expression of homeotic genes, it is intriguing that meristem or early floral meristems, it is possible that low level expression was sufficient to promote flowering.
there are substantial differences between their target genes. Although the animal polycomb group genes also This idea is supported by the observation that transgenic plants that ectopically expressed AG at moderate or low control other genes, the best-characterized target genes are the homeotic genes controlling segment identity in levels and produced weak floral organ identity abnormalities still exhibited an early flowering phenotype (Mithe Drosophila embryo (Kennison, 1995) . On the other hand, the target gene of CLF, AG, is a homeotic gene zukami and Ma, 1997). Alternatively, in both clf and AG transgenic plants, ectopic AG in other cells, such as controlling the floral organ identity during reproductive development in the adult plant (Yanofsky et al., 1990 ). leaf cells, could have indirectly triggered changes in the apical/lateral meristems and flowering.
Furthermore, the Drosophila homeotic genes encode homeodomain proteins, while the AG protein is a memAs mentioned before, day length has a profound effect on flowering time. Day length also affects the phenotype ber of the MADS-domain family of regulators. Therefore, Jones, R.S., and Gelbart, W.M. (1993) . Mol. Cell. Biol. 13, [6357] [6358] [6359] [6360] [6361] [6362] [6363] [6364] [6365] [6366] the evolution of negative maintenance regulation by Kennison, J. (1995) . Annu. Rev. Genet. 29, [289] [290] [291] [292] [293] [294] [295] [296] [297] [298] [299] [300] [301] [302] [303] polycomb group proteins in animals and plants seems Ma, H. (1994) . Genes Dev. 8, [745] [746] [747] [748] [749] [750] [751] [752] [753] [754] [755] [756] to have been decoupled from the evolution of the coding regions of the homeotic genes. Alternatively, it is possi- Mandel, M.A., Gustafson-Brown, C., Savidge, B., and Yanofsky, M.F. (1992) . Nature 360, [273] [274] [275] [276] [277] ble that Drosophila MADS-box genes are also regulated Martinez-Zapater, J.M., Coupland, G., Dean, C., and Koornneef, M. by polycomb group proteins.
(1994). In Arabidopsis, E.M. Meyerowitz and C.R. Somerville, eds. both CO and additional LD-dependent factor(s) are required for its expression; therefore, AP1 expression is another point of integration of multiple controls. While CO controls the temporal expression of downstream genes, CLF affects both temporal and spatial distributions of AG mRNA. It is important to note that the clf mutant phenotype is also affected by photoperiod. It is tempting to think that photoperiod also affects AG function, because the phenotype of ag mutants is altered by photoperiod. Finally, the discovery of CLF indicates once again that regulators of animal and plant development are conserved. These studies also raise many new questions. How is CO regulated by day length and age? Are any of the genes in the same LD pathway downstream of CO? What additional factors mediate the LD regulation of AP1? Does CO also regulate AG expression? CO is expressed in both leaves and floral stems; does it act locally or remotely to control the expression of floral genes? Is CLF expression also regulated by photoperiod? Are other MADS-box genes also regulated by polycomb-group proteins? Does CLF interact with other proteins that are similar to other members of the polycomb group? Plants also possess homeobox genes, and some of them have been shown to regulate development. Are they regulated by polycomb group genes also? Continued molecular genetic analyses will undoubtedly help to address these questions and reveal new insights about regulators and mechanisms important for flowering and flower development.
Conclusion and Perspectives

